The physiology and behavior of many organisms are subject to daily cycles. In Drosophila melanogaster the daily locomotion patterns of single flies are characterized by bursts of activity at dawn and dusk. Two distinct clusters of clock neurons-morning oscillators (M cells) and evening oscillators (E cells)-are largely responsible for these activity bursts. In contrast, male-female pairs of flies follow a distinct pattern, most notably characterized by an activity trough at dusk followed by a high level of male courtship during the night. This male sex drive rhythm (MSDR) is mediated by the M cells along with DN1 neurons, a cluster of clock neurons located in the dorsal posterior region of the brain. Here we report that males lacking Salt-inducible kinase 3 (SIK3) expression in M cells exhibit a short period of MSDR but a long period of single-fly locomotor rhythm (SLR). Moreover, lack of Sik3 in M cells decreases the amplitude of PERIOD (PER) cycling in DN1 neurons, suggesting that SIK3 non-cell-autonomously regulates DN1 neurons' molecular clock. We also show that Sik3 reduction interferes with circadian nucleocytoplasmic shuttling of Histone deacetylase 4 (HDAC4), a SIK3 phosphorylation target, in clock neurons and that constitutive HDAC4 localization in the nucleus shortens the period of MSDR. Taking these findings together, we conclude that SIK3-HDAC4 signaling in M cells regulates MSDR by regulating the molecular oscillation in DN1 neurons. SIK3 | HDAC4 | male sex drive rhythm | circadian rhythms | Drosophila
cellular identity of downstream effectors of the main clock components that are important for MSDR.
Here we report the identification of two downstream effectors of the molecular clock that play distinct roles in MSDR and SLR. Using an RNAi screen for kinases, we show that Salt-inducible kinase 3 (SIK3) is a critical component for circadian behavior. Sik3 knockdown in subsets of clock neurons (DN1 neurons or Pdf + LNvs) causes a short period of MSDR, whereas the period length of SLR is slightly shortened with Sik3 knockdown in DN1 neurons and is slightly elongated with Sik3 knockdown in sLNvs. We also find that transcriptional activity of Histone deacetylase 4 (HDAC4) is regulated by SIK3 in a circadian manner. Finally, Sik3 reduction in Pdf + LNvs reduces the amplitude of PER oscillation in DN1 neurons and shortens the length of the MSDR period, suggesting that SIK3-HDAC4 signaling plays an important role in the determination of MSDR period by modulating the intercellular communication between clock neurons.
Results
Sik3 Plays a Key Role for MSDR in Clock Neurons. Because many protein kinases serve as core clock components that regulate SLR (19) , we reasoned that some might also regulate MSDR. We therefore performed an RNAi screen targeting about 150 protein kinases (as well as other proteins of interest) within the male courtship circuit. This neural circuit, defined by the expression of FRUITLESS M (FRU M ), consists of ∼2,000 neurons that control all aspects of male courtship behavior (20) . We analyzed locomotor activity of male-female pairs in DD and found that knockdown of three kinases known to be involved in regulating the circadian clock (sgg, CkIIβ, and dbt), as well as Sik3, affected MSDR (Table S1) . Specifically, we observed that loss of Sik3 in fruitless neurons (fru > Dcr2, Sik3 RNAi ) significantly reduced rhythmicity and shortened the period length of MSDR but did not affect SLR ( Fig. 1 A and A′ and Table S2 ). The FRU M circuit includes many clock neurons such as the LNvs, LNds, and DN1 neurons (17, 21) , and we investigated whether expressing Sik3 in clock neurons within the FRU M network of males is sufficient to restore MSDR by using cry-GAL80 to block Sik3 RNAi expression in all clock neurons (fru > Dcr2, Sik3 RNAi , cry-GAL80). Indeed, these males exhibited both higher rhythmicity and normal period length in MSDR ( Fig. 1 A and A′ and Table S2 ).
A role of SIK3 in MSDR is also supported by behavioral rhythm phenotypes of Sik3-mutant males. Homozygous loss-offunction Sik3 72 flies die at an early larval stage, but their lethality can be rescued by restoring Sik3 expression in fat body (FB) cells (22) (Sik3 −/− , FB > Sik3) ( Fig. S1A ). Such males exhibit lower rhythmicity and variable periods in both MSDR and SLR (Figs. S1 B and B′ and S2 and Table S3 ). Also restoring Sik3 expression in the Pdf + LNvs of such males (Sik3 −/− , FB > Sik3, Pdf > Sik3) rescued both MSDR and SLR rhythmicity, albeit phase coherence among rhythmic individuals in MSDR was still low (Fig. S1 B-D and Table S3 ) (17, 23) . However, Sik3-mutant flies in which Sik3 expression was driven in the majority of clock neurons (Sik3 −/− , FB > Sik3, cry > Sik3) or in all clock neurons (Sik3 −/− , FB > Sik3, tim > Sik3), in addition to fat body cells were arrhythmic in both SLR and MSDR (Table S3 ). We note that overexpression of Sik3 in cry neurons (which include some non-clock neurons) of otherwise wild-type flies also causes arrhythmicity (cry > Sik3) (Table  S4 ), suggesting that improper levels of SIK3 in most clock neurons or even in non-clock neurons interfere with proper rhythmicity in both single-fly and courtship settings.
To explore the cellular requirements for SIK3 in MSDR and SLR further, we knocked down its expression in defined subsets of clock neurons by using various GAL4 lines: Pdf-GAL4 and Mz520 express GAL4 in PDF + M cells; Clk4.1M and c319 express GAL4 in a subset of DN1 neurons; and cry-GAL4 express GAL4 in the majority of clock neurons. Reduction of SIK3 in M cells (Pdf > Dcr2, Sik3 RNAi and Mz520 > Dcr2, Sik3 RNAi ), DN1 neurons (Clk4.1M > Dcr2, Sik3 RNAi and c319 > Dcr2, Sik3 RNAi ) or a majority of clock neurons (cry > Dcr2, Sik3 RNAi ) shortens the period but does not affect the rhythmicity of MSDR (with the exception Pdf > Dcr2, Sik3 RNAi males) ( Fig. 1 B and B′, Figs. S3 and S4A, and Table  S2 ). In contrast, the SLR period of such males is extended (Pdf > Dcr2, Sik3 RNAi and Mz520 > Dcr2, Sik3 RNAi ), slightly shortened (Clk4.1M > Dcr2, Sik3 RNAi and c319 > Dcr2, Sik3 RNAi ), or normal (cry > Dcr2, Sik3 RNAi ), suggesting that Sik3 plays distinct roles in regulating period length in MSDR and SLR. We also noted that males with down-regulated SIK3 in PDF neurons (Pdf > Dcr2, Sik3 RNAi and Mz520 > Dcr2, Sik3 RNAi ), although having an overall short period phenotype, show signs of behavioral complexity in their MSDR, with irregular period and multiple rhythmic components seen in 5 of 24 males (Fig. 1B′ ).
SIK3 Is Necessary for Robustness and Period Determination of
Molecular Oscillation in Clock Cells. The molecular clock runs at the same speed in all clock neurons. Manipulating the speed of the molecular clock in M cells has shown that these cells regulate the period length of other clock neurons in DD (12, 13) and that cell-cell communication by the Pdf/Pdfr system plays a central role in such oscillator coupling (13) . Consistent with this finding, knockdown of nemo (nmo), an essential kinase involved in regulating the molecular clock (24, 25) in M cells (Mz520 > Dcr2, nmo RNAi ) shortens period length of both MSDR and SLR by about 2 h ( Fig. S3 and Table S5 ). Thus, our observation that loss of SIK3 in M cells severely shortens the period length of MSDR while having a mild opposite effect on SLR is surprising and suggests that this kinase may play a role in oscillator coupling between specific sets of clock neurons. Importantly, SIK3 reduction in M cells does not interfere with their morphology (Fig.  S5 ), making it unlikely that the observed behavioral phenotypes are caused by developmental defects. We therefore investigated whether cycling of the molecular clock was affected differently in various sets of clock neurons of flies lacking SIK3 only in M cells. We found that the amplitude of PER cycling in DN1 neurons was dampened on the third day of DD, and phases were different from those in sLNvs and LNds ( Fig. 2 A and B and Fig. S6 A and B) . Although, as expected, the sLNvs and LNds showed robust PER rhythms peaking in the late subjective night and early subjective day, the amplitude of PER oscillation in DN1 neurons of experimental flies was weaker than that of control flies ( (Fig. S6D ). PER rhythms appear to lose amplitude and, based on the timing of the weakened peaks and troughs, seem to run fast, which is consistent with a faster MSDR observed in these males. Because DN1 neurons are likely nonhomogeneous and fall into functionally distinct groups (26) , it is possible that specific subsets of DN1 neurons are differentially sensitive to the loss of SIK3 in M cells, possibly thereby contributing to the poor overall rhythmicity of DN1 neurons. We also observed that the trough phase of MSDR is normal during day 1 of DD ( Fig.  1B′ ), suggesting that a day or two of constant conditions might be required for the DN1 neurons to loose their robust molecular oscillation driven by signals from the M cells.
In summary, these results, combined with the MSDR observations, indicate that the amplitude of PER cycling is dampened in DN1 neurons when SIK3 is missing in M cells and that the communication between these two groups of circadian neurons is disrupted. How the weak molecular oscillation in DN1 neurons accelerates MSDR but slows down SLR is not yet clear, but the loss in DN1 amplitude might be indicative of DN1 neurons freerunning with different periods. Interestingly, manipulation of PDF/PDFR signaling can lead to behavioral splitting in SLR [i.e., single flies expressing locomotor rhythms with two or more simultaneous periods (27) ] as well as dissociations of molecular rhythms in the DN1 neurons (28) . Thus our results indicate that the loss of SIK3 in M cells disrupts communications between these Pdf + circadian neurons and the DN1 neurons. Because a reduction of Sik3 in DN1 neurons also shortens the MSDR pe-riod (Clk4.1M > Dcr2, Sik3 RNAi and c319 > Dcr2, Sik3 RNAi ) ( Fig.  1 B and B′ and Table S2 ), we measured PER cycling in DN1 neurons of these flies and found it to be uncoupled from , and in a majority of clock cells (bar 11) show a short MSDR period. SIk3 knockdown produces a slight extension of the SLR period in LNvs and a shortening of the SLR period in DN1 neurons. Black bars represent experimental genotypes; white bars represent control genotypes. Numbers within the bars denote total number of flies in "Rhythmic flies" and total number of rhythmic flies in "Period." Error bars represent the SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 in rhythmic flies (χ 2 test) and period (one-way ANOVA followed by Tukey's multiple comparison test). (A′ and B′) Behavior actograms for MSDR and SLR of the experimental genotypes in A and B, respectively. Averaged activity traces for MSDR and SLR are double plotted. Complex trough phases in MSDR are observed with Sik3 reduction in M cells (B′). All measurements were done under DD. Gray and black bars below the graphs denote subjective day and night, respectively. The numbers below the graphs indicate the averaged period with SEM. RNAi is abbreviated as "i." the sLNvs, but the synchronicity of PER cycling appeared robust within the DN1 group ( In any case, these observations suggest that Sik3 is involved in the determination of MSDR period length by modulating the molecular oscillation in clock neurons through a cell-autonomous as well as a non-cell-autonomous pathway.
Morning Activity Is Affected by SIK3 Down-Regulation in sLNvs. Flies adopt a crepuscular locomotor pattern under LD conditions, with a morning and an evening bout of activity. Morning activity is under the control of the Pdf + sLNvs (M cells) and their targets, the DN1 neurons, whereas the LNds and the PDF − sLNvs (E cells) control evening activity (29) (30) (31) (32) (33) . Both control flies and flies in which Sik3 was down-regulated in the sLNvs showed clear morning and evening anticipatory behavior under LD cycles, as expected. However, the morning peak of activity was broader in Sik3 RNAi flies (Fig. 3A , Upper and Fig. 3B , Left). In control flies activity increased steadily until the light-on transition, but Sik3 RNAi flies showed little or no increase in activity in the hours before light-on transition, suggesting that the morning peak phase is advanced. Because flies have a strong startle response when lights are turned on, we also monitored activity at the transition between LD to DD to visualize the morning peak better (Fig. 3A , Lower and Fig. 3B , Right). Under these conditions, we observed that morning activity was also distributed over a longer period in Sik3 RNAi flies. We conclude that reducing Sik3 levels in sLNvs affects the precise timing of morning increase and decrease in activity. The broad morning peak, which was not caused by DCR2 overexpression (Fig. S7 ), might be the result of weakened coupling between DN1 neurons and sLNvs, because both neuronal groups contribute to the control of morning activity. The presence of what appeared to be two small activity maxima in all M peaks recorded at the LD-to-DD transition might be a further indication that the M peak is splitting in two components as a result of sLNv-DN1 desynchronization. Unfortunately, the amplitude of the M peak on the second day of DD was too low to be informative. We also observed that the E peak in Sik3 RNAi flies was slightly delayed during the first day of DD ( Fig. 3A , Lower), as expected from the slightly long-period phenotype in DD.
HDAC4, a SIK3 Phosphorylation Target, Exhibits Nucleocytoplasmic
Cycling in a Subset of Clock Cells. HDAC4, a class IIa histone deacetylase, is a well-established SIK3 target in fat body cells ZT or CT is indicated on the x axes. The morning activity peak appears to be broader in flies expressing Sik3 dsRNAs in sLNvs. (B) Quantification of the width of the morning activity peak at 80% of peak activity under LD (Left, six independent experiments) and during the transition from LD to DD (Right, four independent experiments) confirms that morning activity is spread over a longer period. **P < 0.01, ***P < 0.001, ****P < 0.001 (one-way ANOVA analysis followed by Tukey's multiple comparisons test; ANOVA P < 0.0001 for LD and P < 0.001 for LD to DD). (22) . There, phosphorylation of HDAC4 by SIK3 leads to association with 14-3-3 proteins, which are involved in various signaling pathways (34) , and sequestration of HDAC4 in the cytoplasm (35) . Lack of SIK3 renders HDAC4 dephosphorylated at three serine phosphorylation sites, permitting HDAC4 translocation into the nucleus, where it exerts its transcriptional regulatory activity on various gene promoters. Furthermore, HDAC4 has a binding motif for Myocyte enhancer factor 2 (MEF2) (35) , a transcription factor implicated in the regulation of circadian behavior (36, 37) , and a circadian role for HDAC4 is also supported by a circadian locomotor activity phenotype in flies carrying a hypomorphic HDAC4 allele (HDAC4 KG09091 ) (38) . We therefore examined whether HDAC4 is expressed in clock neurons and investigated its potential function in SLR and MSDR. First, we analyzed expression of HDAC4 NP1617 , a GAL4 insertion into the promoter region of the gene, and found that GAL4 is active in a majority of lateral clock neurons ( Fig. 4 A and B) , a finding consistent with elevated HDAC4 mRNA expression in clock neurons (see supporting information in ref. 39 ) and in the brain (FlyAtlas, ref. 40) . It is worth mentioning that HDAC4 NP1617 activity is detected in only a few posterior DN1s (DN1ps) ( Fig. 4C ). To determine whether HDAC4 undergoes nucleocytoplasmic shuttling, we took advantage of FLAG-tagged HDAC4 transgenes, UAS-HDAC4 and UAS-HDAC4 3A [encoding a SIK3 phosphorylationdefective HDAC4 (22) ] and evaluated cellular localization at different times of day ( Fig. 4 D and E). Antibody staining of the brains of cry > HDAC4 flies revealed that wild-type HDAC4 cycles between the nucleus and cytoplasm in a subset of clock cells, specifically in sLNvs ( Fig. 4 D and D′) but not in lLNvs ( Fig. S8A ). Nucleocytoplasmic cycling was also observed in two of three CRY + and PDFR + LNds, whereas three CRY − and PDFR − LNds exhibit constitutive cytoplasmic HDAC4 expression ( Fig. S8 B and C′) . Consistent with SIK3 having a role in HDAC4 phosphorylation and nucleocytoplasmic cycling in fat cells, we found that HDAC4 3A is continuously localized to the nucleus of sLNvs and LNds ( To test whether the molecular clock in general and SIK3 specifically are required for nucleocytoplasmic shuttling of HDAC4 in sLNvs, we first overexpressed a dominant negative form of the core clock protein CYC (41) in clock neurons (cry>ΔCYC, HDAC4); this overexpression leads to misregulation of CLK/CYC downstream targets. Indeed, nucleocytoplasmic shuttling of HDAC4 was diminished in clock cells of such fly brains, leaving HDAC4 localized predominantly in the cytoplasm ( Fig. 5 A and A′ and Fig. S8 E and E′). Conversely, when brains of flies with knocked-down SIK3 function were examined, we found that HDAC4 was localized in the nucleus of sLNvs at all times ( Fig. 5 B and B′ and Fig. S8 F and F′) . In summary, these data indicate that HDAC4 is expressed in a subset of clock cells and shuttles between the cytoplasm and nucleus in most sLNvs and some LNds in a clock/SIK3-dependent fashion, reminiscent of nutrient-dependent nucleocytoplasmic shuttling of HDAC4 in fat cells (22) . Direct visualization using a specific antibody may confirm the expression and shuttling of endogenous HDAC4 in the future.
Constitutive Nuclear Localization of HDAC4 in sLNvs Shortens the
Length of the MSDR but Not of the SLR Period. Sik3 reduction leads to constitutive nuclear localization of HDAC4 in clock neurons ( Fig. 5 B and B′) and causes a shorter period of MSDR ( Fig. 1B ). If constitutive nuclear HDAC4 localization were sufficient to do so, we would expect that overexpression of HDAC4 3A would mimic this phenotype. Indeed, flies overexpressing HDAC4 3A (Mz520 > HDAC4 3A ), but not wild-type HDAC4 (Mz520 > HDAC4), in M cells show behavioral phenotypes similar to those of flies with Sik3 down-regulation in the same neurons (Mz520 > Dcr2, Sik3 RNAi ): a shorter period of MSDR and a slightly longer period of SLR ( Fig. 6 A and A′, Fig.  S3B , and Table S6 ).
To investigate whether nucleocytoplasmic HDAC4 oscillation is necessary for proper circadian behavior, we examined MSDR and SLR in flies lacking HDAC4 in M cells (Mz520 > Dcr2, HDAC4 RNAi ) ( Fig. S4B ). This manipulation had no effect on rhythmicity or period length in either circadian output behavior ( Fig. 6 B and B′, Fig. S3B , and Table S7 ). This finding and the observation that HDAC4 phosphorylation by SIK3 is necessary to keep HDAC4 in the cytoplasm led us to suspect that double knockdown of HDAC4 and SIK3 would alleviate the period length phenotype of flies lacking only SIK3. This notion indeed proved to be the case ( Fig. 6 B and B′, and Table S7 ). Taking these findings together, we conclude that constitutive nuclear localization of HDAC4 in M cells is the main cause of the different period phenotypes in MSDR and SLR and that HDAC4 nucleocytoplasmic oscillation is dispensable for proper MSDR and SLR.
Discussion
SIK-HDAC (class IIa) signaling is evolutionarily conserved from worm (42) to mammals (43) , operating in a number of tissues, including the nervous system (42) , liver (22) , and muscle (43) . In mice, SIK1-HDAC signaling is important for muscle integrity by regulating the activity of the transcription factor MEF2 (43). In the fly, SIK3-HDAC4 signaling was shown to control the expression of lipolytic and gluconeogenic genes in the fat body (22) . Furthermore, both Drosophila HDAC4 and MEF2 have been implicated in circadian rhythm, as has the related HDAC5 gene in mice (36) (37) (38) . In this paper we have established a critical role for SIK3 in two circadian behaviors, single-fly locomotor activity and male sex drive, respectively. SIK3 and HDAC4 Differentially Impact MSDR and SLR. MSDR is mediated through the activity of Pdf + LNvs and DN1 neurons (17) . We therefore specifically targeted SIK3 in either group of circadian neurons using RNAi. Strikingly, SIK3 knockdown in LNvs shortened the period length of MSDR but slightly yet re-producibly lengthened that of SLR ( Fig. 1B and Table S2 ). The loss of PER rhythm amplitude observed specifically in the DN1 neurons and its apparent phase advance on the second or third day of constant conditions would fit with these observations ( Fig. 2 A and B and Fig. S6 A-E). The advance would be symptomatic of DN1 neurons free-running with a short period and thus presumably explains the short-period MSDR. The loss of amplitude could indicate that a small subset of DN1 neurons runs at a different pace, perhaps explaining the slightly long period of the SLR. Indeed, both SLR and MSDR depend on sLNvs driving DN1 neurons (17, 18, (31) (32) (33) . The broader M peak might also be an early sign that DN1 neurons are not as coherent, even under LD, because the DN1 neurons function downstream of the sLNvs to control morning anticipatory activity (31) (32) (33) . The same short-period DN1 neurons might drive the M peak and MSDR. Unfortunately, the amplitude of the M peak in DD was too low to be able to determine whether it free-runs with a short period.
Knockdown of SIK3 in DN1 neurons shortened the period length of MSDR that is well correlated with shortened PER oscillations in DN1 neurons, and these flies show subtle but significantly shortened period length in SLR ( Fig. 1B and Table  S2 ). Together, these findings suggest that SIK3 is a key component in molecular oscillator coupling between sLNvs and DN1 neurons and that its role is especially important for maintaining an appropriate MSDR period length. However, we cannot exclude the possibility that SIK3 also influences the period of the circadian pacemaker in a neuron-specific manner (i.e., in the DN1 neurons), as was proposed for SGG and CKII (44) .
We also demonstrated that HDAC4 cycles in a SIK3-dependent fashion between the cytoplasm and the nucleus in the M cells. Because M-cell restricted overexpression of phosphorylation-defective, constitutively nuclear-located HDAC4 3A , but not wild-type HDAC4, mimics the phenotype of flies lacking SIK3 in these cells, we suggest that HDAC4 is a critical component for the transduction of the circadian intercellular signal from M cells to DN1 neurons. However, the function of SIK3 in oscillator coupling is unlikely to be mediated by HDAC4 in DN1 neurons, because most of these neurons do not express HDAC4 (Fig. 4C ). Another potential SIK3 phosphorylation target such as CREB or CRTC, which are implicated in cAMP-mediated signaling and the circadian clock (45) (46) (47) (48) , may play a role in the regulation of oscillator coupling in DN1 neurons for MSDR.
Circadian Control of SIK3 Activity. SIK3-dependent circadian shuttling of HDAC4 in sLNvs implies that the activity of SIK3 is under circadian control. How is SIK3 activity regulated in sLNvs? In fat cells (and rat adipocytes) SIK3 activity is dependent on nutrition status and is regulated indirectly through neurosecretory signaling: In well-fed flies, SIK3 is thought to be indirectly activated by insulin-like peptides (ILPs), whereas in starved flies, it is inhibited by adipokinetic hormone (AKH) (22) . SIK3 activity itself is regulated via phosphorylation by AKT1 (activated by ILPs) and cAMP-dependent protein kinase A (PKA) (activated by AKH) (22) . These kinases target distinct but overlapping sets of serine and threonine residues, and thus it appears that SIK3 activity is dependent on the particular phosphorylation pattern at these sites. Intriguingly, it has been reported that PDF stabilizes PER by increasing cAMP levels and PKA activity in Pdfr + clock neurons (including M cells) at dawn (9), a time when HDAC4 is activated and translocated into the nucleus ( Fig. 4 D and D′) . PDF thus could be an indirect circadian regulator of SIK3 activity via PKA. However, the reduction of PDF in M cells did not shorten the MSDR period length (Table S5 ), suggesting that PDF signaling probably does not regulate SIK3. Moreover, RNAi-mediated knockdown of MEF2, which regulates SIK3-HDAC in the mouse (43) , had no effect on MSDR. Future experiments will be needed to investigate how SIK3 activity is 
regulated and how HDAC4 controls intercellular communications between M cells and DN1 neurons.
SIK3 Is Necessary for the Robust Circadian Molecular Oscillations in Specific Subsets of Clock Cells. How does the lack of SIK3 in M cells (i.e., sLNvs) alter the robustness of PER cycling in some (DN1 neurons) but not other (sLNvs and LNds) PDFRexpressing clock cells? One possibility might be the manner by which sLNvs communicate with other clock cells. Functional and anatomical studies including GFP Reconstitution Across Synaptic Partners strongly suggest that at least some DN1 neurons are direct downstream targets of sLNvs (31, 33) , and hence accurately timed communication between these neurons likely occurs through synapses, which we propose rely on SIK3 function in LNvs. In contrast, autocrine (sLNvs) and paracrine (LNds) communication likely occurs via untargeted release of PDF, a process we suggest is not dependent on SIK3. The projections of sLNvs to DN1 neurons, in addition to PDF-containing dense core vesicles, harbor small clear vesicles that house classical neurotransmitters (49, 50) , raising the possibility that communication between sLNvs and DN1 neurons pertinent to the robust amplitude of PER oscillation in DN1 neurons is mediated by an as yet unidentified HDAC4-dependent signal (Fig. 7) . Moreover, DN1 neurons are probably heterogeneous in function, and thus it is quite likely that only some of these cells respond to the sLNv-derived and SIK3-HDAC4-dependent signal, whereas another either overlapping or entirely distinct group of DN1 neurons is responsive to the sLNv-derived PDF. In this context, it is worth noting that sLNvs also express the small neuropeptide F (sNPF) (51) . Moreover, a discrete requirement for both PDF-mediated and classical neurotransmitter signaling has been proposed for distinct aspects of SLR (52) , and glycine in sLNvs was recently proposed to coordinate locomotor behavior and appears either to accelerate or to slow down circadian oscillators in specific neuronal groups (53) . Future studies will be necessary to identify the LNv-derived signal that maintains the appropriate amplitude and speed of the clock in DN1 neurons to coordinate MSDR and SLR.
It is surprising that the loss of SIK3 in sLNvs results in a long SLR and a short MSDR, whereas the loss of SIK3 in the DN1 neurons shortens both SLR and MSDR, because in either case it appears that the DN1 neurons are disconnected from the sLNvs (Fig. 7) . One explanation could be that SIK3 is differentially modulated in different subpopulations of DN1 neurons by the sLNv synchronizing cue, thus resulting in DN1 desynchronization in flies lacking SIK3 in the sLNvs. However, when SIK3 is missing in DN1 neurons, they all adopt a short period by default. 
Conclusion
In summary, our work unexpectedly reveals the existence of a SIK3-HDAC4 regulatory pathway that allows the M cells-the critical circadian pacemaker neurons of the fly brain-to control specific circadian neurons and behaviors. This pathway could prove particularly important in explaining how circadian behaviors can be differentially modulated in response to environmental conditions or internal states. Indeed, the ability to tune and prioritize specific behaviors in a daily manner to minimize energy expenditure and to maximize fitness and reproductive output is critical for animals. Given the strong neural and molecular homologies between the circadian system of fruit flies and mammals, it will be particularly interesting to determine whether the SIK-HDAC pathway is also active in VIP (vasoactive intestinal polypeptideexpressing) neurons of the mammalian suprachiasmatic nucleus and, if so, whether it also controls specific circadian behaviors.
Materials and Methods
Fly Strains. Fly strains used in this study were obtained from the following resources: p{GawB} HDAC4NP1617 , UAS-mCD8GFP, UAS-Dcr2, UAS-HDAC4 RNAi-P{TRiP.HM05035}attP2 (Bloomington Stock Center); UAS-Sik3 RNAi-kk109965 , (referred to simply as "Sik3 RNAi "), UAS-Sik3 RNAi-kk104229 (Sik3 RNAi#2 ), UAS-nmo RNAi-kk109009 , and UAS-Mef2 RNAi-GD15549 (Vienna Drosophila Stock Center); Sik3 72 , FB-GAL4, UAS-Sik3-HA, UAS-HDAC4-FLAG, and UAS-HDAC4 3A -FLAG (22) Behavioral Assays. For MSDR and SLR assays, we used 10-to 17-d-old males of the indicated genotypes as test subjects and virgin w 1118 females (1-8 d of age) as target objects. Five-to seven-day-old males were entrained under 12:12 LD conditions in vials (about 40 flies per vial) for 7-10 d. Virgin females were kept in vials with agarose containing 500 mM sucrose. A single male and a single female were placed in the 15-mm diameter arena (24-well tissue-culture plates with apple juice agarose medium) before lights-off time [time 0; zeitgeber time (ZT)12]. Flies were videotaped (time lapse, one frame every 3 s) at ∼23°C for 132 h under constant darkness with IR light. The activity of males was analyzed by EthoVison 3.1 (Noldus). In previous reports (16, 17) we measured the proximity between male and female pairs; in this report we measured the locomotor activity of male flies because of its robustness. Data were analyzed using FaasX software 1.6b (F. Rouyer). Rhythmic flies were defined by χ 2 periodgram analysis with the following criteria (filter on): power ≥20, width ≥2 h, with selection on period = 24 ± 8 h. The bin size was 20 min, and data length was 5 d (the initial 12 h were cut off). Only samples in which flies stayed alive throughout the entire recording were included in the analysis. For MSDR, a fraction of "rhythmic" males were assigned as "arrhythmic" by the video observation because they showed lower "average bin activity" calculated by FaasX (less than 20 arbitrary units) caused by noncourtship behavior. Rhythmic flies were used to calculate Period and Power.
Circadian Locomotor Rhythms. Three-to five-day-old males (12-32 flies per genotype and per experiment) were loaded into glass tubes and recorded using the TriKinetics Drosophila Activity Monitor system as previously described (32) . LD activity profiles were generated by averaging locomotor activity measured during three LD cycles, using the eduction function of FAAS-X (29) . LD-to-DD transition profiles were similarly generated from data collected between ZT14 in the last night of LD and circadian time (CT)14 in the first day of DD. To quantify the width of the morning peak of activity in LD, an observer blind to genotypes determined the time at which activity first reached 80% of the maximum activity observed before the light-on transition. For example, if 80% of maximum activity was reached 2 h before the light-on transition, the width of the morning peak was 2 h. For the LD-to-DD transition, the width of the M peak was defined as the difference between the time at which 80% of peak activity was first and last reached.
Immunocytochemistry. Males (∼20 per vial) were entrained, and heads were collected at different times of day. The males reported in Fig. S6C were initially entrained as a group. A male then was paired with a female in each arena and was kept in DD for 2-4 d. Fixed brains were placed in primary antisera solution at 4°C for 48 h. Rabbit anti-PER, guinea pig anti-CLK, rabbit anti-PDF (54) (the kind gift of P. Hardin, Texas A&M University, College Station, TX), chicken anti-GFP (Molecular Probes), and mouse anti-FLAG and chicken anti-HA (Sigma) were diluted at 1:15,000, 1:3,000, 1:1,000, 1:3,000, 1:500, and 1:500, respectively, in blocking solution (PBS containing 0.1% Triton X-100 and 5% heat-inactivated goat serum, 5% BSA, and 0.3% Nadeoxycholate). Brains were rinsed five times for 1 h and then were placed in secondary anti-sera for 48 h at 4°C; 1:200 dilutions of goat anti-rabbit Alexa 647, goat anti-guinea pig Cy3, goat anti-chicken Alexa 488, goat anti-mouse Alexa 488, and goat anti-chicken Alexa 555 (Molecular Probes) in blocking solution were used. Confocal images were captured with a Nikon A1R Confocal Microscopy System.
Quantification of PER Intensity. PER immunoreactivity quantification was restricted to the nuclear area as determined by CLK immunoreactivity. After background subtraction, intensity values of cells in each cluster were calculated. n indicates the number of clock neuron clusters, which contain at most five sLNv, six LNds and 17 DN1p neurons, respectively (Fig. 2 B, C′, and D′ and Fig. S6 A-F) .
Cell Count of Nuclear-Localized HDAC4. The quantification of HDAC4-FLAG immunoreactivity was restricted to the nuclear area as determined by CLK immunoreactivity. The whole-cell area was estimated to be about twice as large as the nucleus. After background subtraction, cells in which the intensity value of the nucleus was more than 20 arbitrary units higher than that of the cytosolic compartment were defined as cells with nuclear-localized HDAC4. The size of the nucleus was used to differentiate sLNvs from lLNvs. n indicates Fig. 7 . A model for SIK3 function in circadian neurons. (A) In the sLNvs, SIK3 controls the phosphorylation and therefore the cellular localization of HDAC4. Because HDAC4 localization is rhythmic, we propose that SIK3 activity is under circadian clock control. Alternatively, an HDAC4 phosphatase could be under circadian control. We also propose that HDAC4 regulates the release of a synchronizing cue secreted by the sLNvs that targets the DN1 neurons (red arrow). In the DN1 neurons, SIK3 mediates their synchronization with the sLNvs via phosphorylation of an unknown target protein (green). (B) When SIK3 is downregulated in the sLNvs, rhythmic HDAC4 phosphorylation and nucleus/cytosol shuttling is lost. Thus, the synchronizing signal is constantly inhibited, leading to poor synchronization of DN1 neurons and thus to fast MDSR and slow SLR. (C) When SIK3 is down-regulated in the DN1 neurons, they are uncoupled from the sLNv synchronizing signal, and their circadian clock runs too fast. As a result, both SLR and MDSR run fast.
the number of clock neuron clusters (Figs. 4 D′ and E′ and 5 A′ and B′ and Fig.  S8 A, B′, C′, D′, E′, and F′).
Statistical Analysis. All χ 2 tests were done with Microsoft Excel. For period length and power of MSDR and SLR, relative PER signal intensity measurements, measurements of M-peak width, and HDAC4 subcellular localization measurements, ANOVAs were performed with the PRISM software (GraphPad Software, Inc.), followed by Tukey's multiple comparisons tests. Table S3 is double plotted. The averaged period with SEM is shown below the graphs. (D) Circular phase analysis of MSDR for individual flies revealed that Sik3 expression in M cells does not rescue the low phase coherence phenotype in MSDR of Sik3-mutant males. Small circles represent the estimated trough phase of individual rhythmic flies (Table S3 ). Vector length and position indicate phase concentration (R) and averaged phase, respectively. An internal dotted circle represents a value of 0.5 in phase coherence. The trough phase is shown in CT hours. This figure is related to Fig. 1 . S4 . Sik3 RNAi and HDAC4 RNAi significantly reduce the expression of SIK3 and HDAC4 protein, respectively, in the brain. Epitope-tagged SIK3 (A), HDAC4 (B) and endogenous PDF were detected with anti-HA, anti-FLAG, and anti-PDF antisera, respectively. Reduction of SIK3 protein is much weaker in a second SIK3 RNAi line (Sik3 RNAi#2 ), the likely reason that Mz520 > Dcr2, Sik3 RNAi#2 flies fail to show an MSDR phenotype (Table S2 ). Male brains were fixed at ZT5-8. This figure is related to Figs. 1 and 6 . Fig. 1 . MSDR of fru > Dcr2, geneX-RNAi males for each RNAi line was measured for 5 d under DD, and rhythmicity and tau were determined by Faas software. Each letter in the "MSDR by fru" column represents the MSDR of an individual male. Each RNAi line was tested once (the initial round of measurement), and more males were tested if the result of the initial round was "not R." For example, the initial male of line no. 1 showed shorter MSDR in the initial round, but other two males showed normal MSDR at the second-round measurement. A, arrhythmic; D, dead during the measurement; L, rhythmic and longer tau compared with fru > Dcr2 male; R, rhythmic and normal tau; R′, rhythmic and normal tau with low power or activity; S, rhythmic and shorter tau compared with fru > Dcr2 male. 
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